Excellent Z or E selectivity was observed in the Horner-Wadsworth-Emmons (HWE) reactions of methyl bis(2,2,2-trifluoroethyl)phosphonoacetate or ethyl 2-fluoro-2-diethylphosphonoacetate with aryl alkyl ketones bearing substituents on an aromatic moiety employing Sn(OSO 2 CF 3 ) 2 in the presence of N-ethylpiperidine.
The Horner-Wadsworth-Emmons (HWE) reaction is an important method for syntheses of a,b-unsaturated esters, a,b-unsaturated ketones, and other conjugated systems. 1) We have previously reported a new reaction mode for the stereoselective HWE reaction that can be used to prepare ahydro-and a-fluoro-a,b-unsaturated esters, as shown in Chart 1. [2] [3] [4] [5] As an extension of the stereoselective HWE reaction, we describe herein highly stereoselective E-or Zalkene formation in the HWE reaction of aryl alkyl ketones bearing substituents on the aromatic moiety.
An excellent Z-selectivity was observed in the HWE reactions of methyl bis(2,2,2-trifluoroethyl)phosphonoacetate (1) 6) with phenyl or naphthyl alkyl ketones using Sn(OSO 2 CF 3 ) 2 and N-ethylpiperidine. The mode of the reactions, however, was remarkably different from that of HWE reactions using NaH.
2) To our knowledge, detailed information regarding the substituent effects of the aromatic moiety on HWE reactions of aryl alkyl ketones under specific conditions with Sn(OSO 2 CF 3 ) 2 has not been reported. We therefore carried out HWE reactions of phosphonate 1 with aryl alkyl ketones 3a-g bearing various substituents on the aromatic moiety, as shown in Chart 2. Results of the HWE reactions of these ketones employing Sn(OSO 2 CF 3 ) 2 and N-ethylpiperidine are summarized in Table 1 . In the cases of aromatic compounds 3a, b, d, all having electron-donating methyl or methoxy group(s), the E : Z stereoselectivity was excellent, with ratios of 2 : 98, 4 : 96, and 2 : 98, respectively (entries 1, 2, and 4 in Table 1 ). No reaction occurred in the case of ketone 3c with a bulky mesityl group (entry 3). In contrast, the similar reactions of ketones 3e, f, both having an electron-withdrawing nitro or trifluoromethyl group, resulted in a slightly lower stereoselectivity (E : Zϭ17 : 83 or 9 : 91) (entries 5 and 6). The reaction of 3g (entry 7) was carried out as an application of this HWE reaction to the Z-selective synthesis of 4g, a compound related to ozagrel. Ozagrel is an inhibitor of thromboxane A 2 synthetase and has already been launched on the market as an antithrombic and antiasthmatic drug. [7] [8] [9] The stereoselective outcome with excellent Z-selectivity in the Sn(OSO 2 CF 3 ) 2 -mediated HWE reactions can be rationalized in terms of a six-membered transition state proposed by us.
2) The HWE reaction employing NaH afforded a mixture of geometric isomers in a lower stereoselective manner, as shown in Table 2 . It is worth noting that the HWE reaction of ketone 3b with the o-tolyl group has not been observed to occur under NaH conditions, whereas the reaction readily proceeds under Sn(OSO 2 CF 3 ) 2 conditions (each entry 2 in Tables 1 and 2 10) an efficient fluorinating building-block, 11, 12) also provided the excellent stereoselectivity in the HWE reaction under the Sn(OSO 2 CF 3 ) 2 conditions, as shown in Chart 3 and Table 3 . (E)-a-Fluoro-a,b-unsaturated esters 5a, b, d-f were obtained as major products in each corresponding reaction (entries 1, 2, 4, 5, and 6 in Table 3 ). In other words, the aromatic and ester moieties are on the same side of the double bond of (E)-5 as well as in the cases of (Z)-4. The HWE reaction of aryl alkyl ketone 3g with a-fluorophosphonate 2 using Sn(OSO 2 CF 3 ) 2 in the presence of N-ethylpiperidine produced 5g with high E selectivity (entry 7 in Table 3 ). In contrast, similar HWE reactions of 2 with 3a-g by the conventional methods using NaH gave E-selective products 5a, b, d-g in a range of E : Z ratios, 80 : 20-88 : 12, as listed in Table 4 . The geometries of 5a, b, d, f, g were confirmed on the basis of 1 H-1 H NOE experiments (400 MHz, CDCl 3 ) of the corresponding primary alcohols derived by reduction of 5a, b, d, f, g. In the case of 5e, the geometry of the major product was established to be E by X-ray crystallographic analysis.
13) The diastereomer ratios of 5a, b, d-g were determined by 1 H-NMR (400 MHz, CDCl 3 ) analysis. In conclusion, we have demonstrated that the Sn(OSO 2 CF 3 ) 2 -mediated HWE reactions of several aryl alkyl ketones bearing various substituents on the aromatic moiety proceed in a highly stereoselective manner and involve generality.
Experimental
All melting points were determined on a Yanaco micro melting point apparatus and are uncorrected. IR spectra were obtained on a Perkin-Elmer 1720 IR Fourier transform spectrometer. Fig. 1 . Computer-Generated Drawing Derived from the X-Ray Coordinates of (E)-5e from CaH 2 . All other solvents were distilled prior to use. All reagents were used as purchased.
Typical Procedure for the HWE Reaction with Sn(OSO 2 CF 3 ) 2 To a suspension of Sn(OSO 2 CF 3 ) 2 (350 mg, 0.84 mmol) and methyl bis(2,2,2-trifluoroethyl)phosphonoacetate (1) (150 ml, 0.70 mmol) in anhydrous CH 2 Cl 2 (5 ml) was added N-ethylpiperidine (106 ml, 0.77 mmol) at 0°C. The mixture was stirred at 0°C for 1 h under argon, and p-methoxyphenyl ethyl ketone (3d) (75 mg, 0.50 mmol) was added. After being stirred at 0°C for 21 h under argon, the reaction mixture was poured into H 2 O (15 ml) and then extracted with CHCl 3 (50 mlϫ3). To the CHCl 3 extract was added n-hexane (180 ml), and the mixture was submitted to filtration through a silica gel short column. The filtrate was evaporated in vacuo to afford a crude product 4d (E : Zϭ2 : 98), which was purified by PTLC [n-hexane/AcOEt (6 : 1)] to obtain E-4d (2 mg, 2%) and Z-4d (96 mg, 93%) as a colorless oil, respectively.
Typical Procedure for the HWE Reaction with NaH To a suspension of NaH (abs. 60% in oil, 52 mg, 1.35 mmol) in anhydrous THF (5 ml) was added methyl bis(2,2,2-trifluoroethyl)phosphonoacetate (1) (320 ml, 1.53 mmol) at 0°C. The mixture was stirred at 0°C for 30 min under argon, and p-methoxyphenyl ethyl ketone (3d) (136 mg, 0.90 mmol) was added. After being stirred at 0°C for 19 h under argon, 5% HCl (15 ml) was added and then extracted with ether (40 mlϫ3). The extract was washed with brine, dried over anhydrous MgSO 4 . Evaporation in vacuo afforded a crude product 4d (E : Zϭ51 : 49), which was purified by PTLC [n-hexane/AcOEt (6 : 1)] to obtain E-4d (34 mg, 18%) and Z-4d (28 mg, 15%) as a colorless oil, respectively.
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